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Introduction {#jah31398-sec-0004}
============

The complex syndrome of heart failure (HF) is a leading cause of morbidity and mortality worldwide.[1](#jah31398-bib-0001){ref-type="ref"} Systemic serum markers of inflammation including the proinflammatory cytokines interleukin (IL) 1β and IL‐6 as well as tumor necrosis factor α and soluble intercellular cell adhesion molecule 1 (ICAM1)[2](#jah31398-bib-0002){ref-type="ref"} correlate with cardiac dysfunction and HF.[3](#jah31398-bib-0003){ref-type="ref"}, [4](#jah31398-bib-0004){ref-type="ref"}, [5](#jah31398-bib-0005){ref-type="ref"}, [6](#jah31398-bib-0006){ref-type="ref"} Nevertheless, clinical trials using tumor necrosis factor α inhibitors failed to improve HF outcomes,[7](#jah31398-bib-0007){ref-type="ref"}, [8](#jah31398-bib-0008){ref-type="ref"} emphasizing the need to better understand the mechanisms by which systemic inflammation influences the pathogenesis of HF. We and others showed high levels of circulating T cells in humans with HF, further supporting a role for systemic T‐cell--mediated inflammation in HF.[9](#jah31398-bib-0009){ref-type="ref"}, [10](#jah31398-bib-0010){ref-type="ref"}, [11](#jah31398-bib-0011){ref-type="ref"} Moreover, we recently demonstrated that T cells play a critical role in the pathogenesis of pressure overload--induced HF. Specifically, T cells were found to infiltrate the left ventricle (LV) of humans and mice with nonischemic HF, and the absence of T cells resulted in preserved cardiac systolic and diastolic function in a mouse model of pressure overload--induced HF. T‐cell recruitment to the LV was found to be essential to the pathogenesis of HF[9](#jah31398-bib-0009){ref-type="ref"}; however, the mechanisms by which T cells are recruited to the LV in nonischemic HF remain poorly understood. ICAM1, an immunoglobulin‐like adhesion molecule that mediates leukocyte arrest and transendothelial migration from the blood stream to the site of inflammation,[12](#jah31398-bib-0012){ref-type="ref"}, [13](#jah31398-bib-0013){ref-type="ref"} is highly expressed in human intramyocardial vascular endothelium during myocardial infarction.[14](#jah31398-bib-0014){ref-type="ref"} Similarly, in experimental models of HF induced by suprarenal abdominal aortic constriction, ICAM1 expression is upregulated in the heart within the first week.[15](#jah31398-bib-0015){ref-type="ref"} We recently demonstrated increased ICAM1 expression in the vascular endothelium in mice after pressure overload--induced HF in association with LV systolic dysfunction and LV T‐cell infiltration.[9](#jah31398-bib-0009){ref-type="ref"} Consequently, we hypothesized that ICAM1 mediates T‐cell infiltration in the LV in response to pressure overload and contributes to cardiac remodeling and dysfunction during HF progression.

In the present study, we determined the dynamics of intramyocardial ICAM1 induction in mice subjected to pressure overload induced by transverse aortic constriction (TAC) and examined the pressure overload response of mice with genetic deletion of ICAM1. We showed, for the first time, that ICAM1‐deficient (ICAM1^−/−^) mice are protected from maladaptive cardiac remodeling and HF through mechanisms that include decreased cardiac fibrosis and CD3^+^ T‐cell and Ly6C^high^ monocyte--mediated cardiac inflammation. We have also identified a mechanism by which ICAM1 is upregulated in the LV that is independent of endothelial cell--specific mineralocorticoid receptor (EC‐MR) signaling because mice deficient in EC‐MR (EC‐MR^−/−^) have increased LV endothelial ICAM1 expression and similar numbers of LV‐infiltrated T cells compared with EC‐MR^+/+^ mice.

Methods {#jah31398-sec-0005}
=======

Mice {#jah31398-sec-0006}
----

Mice were bred and maintained under pathogen‐free conditions and treated in accordance with the guidelines of the National Institutes of Health for the care and use of laboratory animals. All protocols were approved by the Tufts Medical Center institutional animal care and use committee. Thirty male C57BL/6 wild‐type (WT) mice, 31 male ICAM1^−/−^ mice[16](#jah31398-bib-0016){ref-type="ref"} (provided by Dan Bullard, University of Alabama, Birmingham), and 11 EC‐MR knockout EC‐MR^−/−^ and EC‐MR^+/+^ male littermates[17](#jah31398-bib-0017){ref-type="ref"} were euthanized at age 10 to 14 weeks for tissue collection. The overall number of mice corresponding to each experiment is indicated in the related figure legend.

Mouse Model of TAC {#jah31398-sec-0007}
------------------

Pressure overload was induced by constricting the transverse aorta of male mice aged 8 to 10 weeks, as described previously, to induce HF.[18](#jah31398-bib-0018){ref-type="ref"}, [19](#jah31398-bib-0019){ref-type="ref"} Sham‐operated mice underwent the same procedure but without constriction (4--8 per group unless otherwise indicated). At 48 hours and at 2 and 4 weeks after TAC, mice were euthanized and tissue was harvested for further analysis, as described.[9](#jah31398-bib-0009){ref-type="ref"}

Quantitative Polymerase Chain Reaction of LV Samples {#jah31398-sec-0008}
----------------------------------------------------

Total RNA was extracted from mouse heart LV tissues directly using Trizol (Invitrogen). RNA was then reverse‐transcribed to cDNA following Applied Biosystems' protocol using MuLV reverse transcriptase and amplified by real‐time polymerase chain reaction (PCR) with SYBR green PCR mix (Applied Biosystems). Samples were quantified in triplicate using 40 cycles performed at 94°C for 30 seconds, 60°C for 45 seconds, and 72°C for 45 seconds using an ABI Prism 7900 Sequence Detection System (Applied Biosystems). The following primer sequences were used: *Icam1*, forward 5′‐GCT GTG CTT TGA GAA CTG TG ‐3′, reverse 5′ ‐GTG AGG TCC TTG CCT ACT TG ‐3′; *Nppb*, forward 5′ ‐CAC CGC TGG GAG GTC ACT ‐3′, reverse 5′ ‐GTG AGG CCT TGG TCC TTC AA ‐3′; *Nppa*, forward 5′ ‐GAG AGA CGG CAG TGC TTC TAG GC ‐3′, reverse 5′ ‐CGT GAC ACA CCA CAA GGG CTT AGG ‐3′; *Col1A1*, forward 5′ ‐AAG GGT CCC TCT GGA GAA CC ‐3′, reverse 5′ ‐TCT AGA GCC AGG GAG ACC CA ‐3′; *Tgfb1*, forward 5′ ‐CAC CGG AGA GCC CTG GAT A ‐3′, reverse 5′ ‐TGC CGC ACA CAG CAG TTC ‐3′; *Acta2*, forward 5′ ‐GCA TCC ACG AAA CCA CCT A ‐3′, reverse 5′ ‐CAC GAG TAA CAA ATC AAA GC ‐3′; *Myh6*, forward 5′‐CCT AGC CAA CTC CCC GTT CT ‐3′, reverse 5′ --GCC AAT GAG TAC CGC GTG A ‐3′; *Myh7*, forward 5′‐TGA GCC TTG GAT TCT CAA ACG T ‐3′, reverse 5′ --AGG TGG CTC CGA GAA AGG AA ‐3′; *Il1b*, forward 5′‐ ACT CCT TAG TCC TCG GCC A --3′, reverse 5′‐TGG TTT CTT GTG ACC CTG AGC ‐3′; *Il6*, forward 5′ --TGA TGG ATG CTA CCA AAC TGG‐3′, reverse 5′‐TTC ATG TAC TCC AGG TAG CTA TGG ‐3′; *Gapdh*, forward 5′‐ACC ACA GTC CAT GCC ATC AC ‐3′, reverse 5′ --TCC ACC ACC CTG TTG CTG TA -- 3′.

Immunohistochemistry and Histological Analysis {#jah31398-sec-0009}
----------------------------------------------

Heart samples were excised, and the LV was separated from the right ventricle. Sections of the LV were immediately embedded in OCT or fixed in 10% formalin, embedded in paraffin, and cut into 5‐μm LV sections. Hematoxylin and eosin or picrosirius red staining was performed, as described previously.[20](#jah31398-bib-0020){ref-type="ref"}, [21](#jah31398-bib-0021){ref-type="ref"} Serial OCT frozen cryostat sections were stained with anti--mouse CD54 (YN1/1.7.4), anti--mouse CD31 (MEC13.3), or anti--mouse CD4 (GK1.5) purchased from BioLegend.

Quantitative Flow Cytometry {#jah31398-sec-0010}
---------------------------

Flow cytometry was performed to analyze the immune profile present in response to TAC. The data were acquired on a FACSCanto analyzer (Becton Dickinson) and analyzed using FlowJo software. LV digested with collagenase type II (0.895 mg/mL) and protease XIV (0.5 mg/mL) and lymphoid organs were harvested from sham‐operated and TAC mice and stained with the following monoclonal antibodies: FITC--conjugated anti‐CD4 (GK1.5), APC‐Cy7--conjugated anti‐CD4 (GK1.5), FITC‐conjugated anti‐CD3e (145‐2C11), PE‐conjugated anti‐CD45.2 (104), APC‐Cy7--conjugated anti‐Ly‐6C (HK1.4), PerCP‐conjugated anti‐CD11b (M1/70), APC‐Cy7--conjugated anti‐CD44 (IM7), and PE‐conjugated anti‐CD62L (MEL‐14). All antibodies were purchased from BioLegend. Cells were surface stained by incubation with the relevant antibodies diluted in PBS plus 2% FBS for 20 minutes at room temperature, followed by 2 washes with PBS plus 2% FBS.

Adult Mouse Cardiac Myocyte Isolation {#jah31398-sec-0011}
-------------------------------------

Cardiac myocytes were isolated from WT and ICAM1^−/−^ hearts 4 weeks after TAC, as described previously.[22](#jah31398-bib-0022){ref-type="ref"} Briefly, mice were administered heparin (200 U IP) and euthanized. The hearts were rapidly excised, cannulated via the aorta, and perfused in the Langendorff mode with perfusion buffer (113 mmol/L NaCl, 4.7 mmol/L KCl, 0.6 mmol/L NaH~2~PO~4~, 12 mmol/L NaHCO~3~, 0.6 mmol/L KH~2~PO~4~, 10 mmol/L HEPES, 1.2 mmol/L MgSO~4~·7H~2~O, 30 mmol/L taurine, 10 mmol/L 2,3‐butanedione monoxime, and 5.5 mmol/L glucose, pH 7.46, at 35°C). Hearts were then digested with perfusion buffer containing 773.78 μg/mL collagenase type 2 and 0.14 mg/mL trypsin. After 5‐minute digestion, the LV was separated, minced, and gently agitated in stopping buffer, which consists of perfusion buffer containing 10% FBS and 12.5 μmol/L CaCl~2~, allowing the myocytes to be dispersed. The cells were subsequently resuspended in stopping buffer with gradually increasing Ca^2+^ concentrations (0.062, 0.112, 0.212, 0.5, and 1.0 mmol/L). Cardiac myocytes were imaged with ×20 magnification, and width and length were determined using the Nikon Elements software.

Bone Marrow Monocyte Isolation and M1 or M2 Differentiation {#jah31398-sec-0012}
-----------------------------------------------------------

WT and ICAM1^−/−^ bone marrow (BM) cells were collected from femurs and tibias by flushing them with buffer (PBS with 0.5% BSA and 2 mmol/L EDTA) using a 25‐gauge needle. BM cells were disaggregated and passed through a 40‐μm cell strainer. From the resulting BM cell suspension, the Miltenyi Biotec isolation kit was used to isolate BM‐derived monocytes, which were incubated for 3 days with 1 μg/mL LPS (sc‐3535; Santa Cruz Biotechnology) or 20 ng/mL IL‐4 (214‐14; PeproTech) for differentiation to M1 or M2 monocytes, respectively. RNA was isolated using the Qiagen kit, and inducible nitric oxide synthase and arginase I expressions were determined through quantitative reverse transcription PCR for identifying the M1 and M2 monocyte populations. The following primer sequences were used: *Nos2,* forward 5′‐GCC ACC AAC AAT GGC AAC A ‐3′, reverse 5′ --CGT ACC GGA TGA GCT GTG AAT T ‐3′; *Arg1*, forward 5′‐TTG CGA GAC GTA GAC CCT GG ‐3′, reverse 5′ --CAA AGC TCA GGT GAA TCG GC ‐3′.

Cardiac Fibroblast Isolation and Differentiation to Myofibroblast {#jah31398-sec-0013}
-----------------------------------------------------------------

Perfused hearts from male WT and ICAM1^−/−^ mice aged 8 to 10 weeks were digested with Liberase DL (Roche) for 25 minutes at 37°C. The resulting cell suspension was cultured in fibroblast growth media on 1% gelatin--coated plates. Purified cardiac fibroblast in passages 2 to 3 were treated with transforming growth factor β (100 ng/mL for 16 hours) to induce fibroblast transition to myofibroblasts, which was determined by measuring mRNA levels of α‐smooth muscle actin.

LV In Vivo Hemodynamic Studies {#jah31398-sec-0014}
------------------------------

In vivo LV function was assessed by pressure--volume analysis in mice anesthetized with 2.5% isofluorane. A 1.4F pressure--volume catheter (SPR‐839; Millar Instruments) was advanced through the carotid artery and across the aortic valve into the LV. The absolute volume was calibrated, and pressure--volume data were assessed at steady state and during preload reduction. Hemodynamics were recorded and analyzed with IOX version 1.8.11 software (EMKA Instruments).[23](#jah31398-bib-0023){ref-type="ref"}

In Vivo Transthoracic Echocardiography {#jah31398-sec-0015}
--------------------------------------

M mode and 2‐dimensional images were obtained from the short‐axis view, as described previously.[19](#jah31398-bib-0019){ref-type="ref"}, [23](#jah31398-bib-0023){ref-type="ref"} LV end‐diastolic and end‐systolic diameters (shown as EDD and ESD, respectively, in the equation below) and heart rate were measured by averaging values obtained from 5 cardiac cycles. Fractional shortening (shown as FS) was calculated using the following standard equation: FS%=(\[EDD−ESD\]/EDD)×100. The investigators were blinded to genotype during data acquisition and analysis.

Statistical Analysis {#jah31398-sec-0016}
--------------------

Data are expressed as the mean±SEM. Statistical analyses were performed with the unpaired Student *t* test or nonparametric Mann--Whitney test, as indicated, using GraphPad Prism software (GraphPad Software). When the unpaired *t* test was used, the outcome was confirmed to be normally distributed. When the nonparametric Mann--Whitney test was used, each condition\'s median and interquartile range was reported in the figure legend corresponding to each data set. Differences were considered statistically significant at *P*\<0.05.

Results {#jah31398-sec-0017}
=======

Upregulation of ICAM1 in the LV in Response to TAC {#jah31398-sec-0018}
--------------------------------------------------

To investigate the kinetics of endothelial cell activation during the progression of HF, we determined the expression of ICAM1 in the LV of WT mice at 48 hours and at 2 and 4 weeks after inducing LV pressure overload by TAC. We observed significant upregulation of ICAM1 mRNA in the LV of TAC mice compared with sham‐operated mice as early as 48 hours after TAC, which progressively increased by 2 and 4 weeks after TAC (Figure [1](#jah31398-fig-0001){ref-type="fig"}A). Endothelial ICAM1 protein expression followed kinetics similar to the LV mRNA, remaining significantly upregulated during the period of progressive systolic dysfunction and T‐cell infiltration, as shown previously.[9](#jah31398-bib-0009){ref-type="ref"} Platelet/endothelial cell adhesion molecule 1 was used to stain the intramyocardial endothelial vessels in parallel with ICAM1 in the same sections and was, as expected, constitutively expressed and not induced in response to TAC (Figure [1](#jah31398-fig-0001){ref-type="fig"}B). Taken together, our data demonstrate that endothelial ICAM1 is upregulated during the course of TAC as HF progresses, raising the question of whether ICAM1 mediates T‐cell infiltration of the LV later on as HF progresses and contributes to local cardiac inflammation and systolic dysfunction in response to LV pressure overload.

![Upregulation of ICAM1 mRNA expression and ICAM1 protein in the LV, specifically in the vascular endothelium, in response to TAC. A, ICAM1 mRNA expression in the LV of WT mice determined by quantitative reverse transcription polymerase chain reaction represented as fold change for TAC vs sham at 48 hours and at 2 and 4 weeks after surgery. Statistical analysis used the nonparametric Mann--Whitney test. Data shown as median (interquartile range): at 48 hours: WT sham 1.044 (0.754--1.307) and WT TAC 1.483 (1.374--1.841); at 2 weeks: WT sham 1.115 (0.735--1.250) and WT TAC 6.916 (1.633--13.30); at 4 weeks: WT sham 1.035 (0.582--1.770) and WT TAC 3.957 (1.519--28.71). \**P*\<0.05. B, Representative immunohistochemistry staining for ICAM1 and PECAM1 (used as positive control for endothelial cell staining in the same sections) in sham‐operated and TAC mice at 48 hours and at 2 and 4 weeks after surgery. Scale bar=50 μm. n=4 sham, n=6 to 9 TAC. h indicates hours; ICAM1, intercellular cell adhesion molecule 1; LV, left ventricle; PECAM1, platelet/endothelial cell adhesion molecule 1; TAC, transverse aortic constriction; w, weeks; WT, wild type.](JAH3-5-e003126-g001){#jah31398-fig-0001}

ICAM1 Is Required for Leukocyte Infiltration Into the LV in Response to TAC {#jah31398-sec-0019}
---------------------------------------------------------------------------

Given the well‐known role of ICAM1 as an endothelial cell adhesion molecule mediating leukocyte recruitment into tissues, the observed upregulation of ICAM1 in the intramyocardial vessels in response to TAC, and the recent findings that T cells infiltrate the LV and contribute to the pathogenesis of HF in response to TAC,[9](#jah31398-bib-0009){ref-type="ref"}, [24](#jah31398-bib-0024){ref-type="ref"} we evaluated whether ICAM1 was required for T‐cell infiltration of the pressure‐overloaded LV using WT and ICAM1^−/−^ mice. In contrast to WT mice, in which CD45.2^+^ leukocytes infiltrated the LV in response to TAC, pressure overload did not induce a significant increase in LV leukocyte infiltration in ICAM1^−/−^ mice (Figure [2](#jah31398-fig-0002){ref-type="fig"}A) as measured by flow cytometry. These leukocytes included CD3^+^ T cells and Ly6C^high^ proinflammatory monocytes, both infiltrated in WT but not in ICAM1^−/−^ mice in response to TAC (Figure [2](#jah31398-fig-0002){ref-type="fig"}B through [2](#jah31398-fig-0002){ref-type="fig"}D). The LV of ICAM1^−/−^ mice also showed reduced infiltration of CD4^+^ T cells compared with WT mice in response to TAC (Figure [2](#jah31398-fig-0002){ref-type="fig"}E); CD4^+^ T cells have been shown to mediate cardiac dysfunction in response to TAC.[9](#jah31398-bib-0009){ref-type="ref"}, [24](#jah31398-bib-0024){ref-type="ref"} Taken together, our data indicate that ICAM1 regulates the infiltration of leukocytes, including CD3^+^ and CD4^+^ T cells and Ly6C^high^ proinflammatory monocytes, into the LV in response to TAC.

![ICAM1‐mediated regulation of CD45.2^+^, CD3^+^, CD4^+^, and Ly6C^+^ leukocyte infiltration into the LV in response to TAC. A through C, Representative FACS plots of (A) LV CD45.2^+^ leukocyte, (B) CD3^+^ T‐cell, and (C) Ly6C^+^ monocyte infiltration in response to TAC or sham operation at 4 weeks in WT and ICAM1^−/−^ mice. Bar graph on the right represents fold‐change quantification of the indicated leukocytes normalized to sham controls. D, Representative FACS histogram for Ly6C^+^ low and high subpopulations, gated on CD45.2^+^ CD11b^+^ myeloid cells infiltrated into the LV of sham‐ and TAC‐operated WT and ICAM1^−/−^ mice. Ly6C^neg^ cells represent nonmonocyte myeloid cells, Ly6C^low^ represents patrolling monocytes, and Ly6C^high^ represents proinflammatory monocytes. E, Representative pictures (×40 magnification) of immunohistochemistry staining for CD4^+^ T helper lymphocytes infiltrated into the LV in sham‐ and TAC‐operated WT and ICAM1^−/−^ mice. Quantification of CD4^+^ cells per 6‐μm LV cross‐sections is represented. Scale bar=10 μm. n=5 to 7 sham, n=11 TAC. Statistical analysis used the unpaired *t* test. \**P*\<0.05; \*\**P*\<0.01. FACS indicates fluorescence‐activated cell sorting; ICAM1, intercellular cell adhesion molecule 1; LV, left ventricle; TAC, transverse aortic constriction; WT, wild type.](JAH3-5-e003126-g002){#jah31398-fig-0002}

T Lymphocytes Are Equally Activated in the Heart‐Draining Lymph Nodes in Both WT and ICAM1^−/−^ Mice at 4 Weeks After TAC {#jah31398-sec-0020}
-------------------------------------------------------------------------------------------------------------------------

Given the role of ICAM1 expressed by the antigen‐presenting cells in the immune synapse during the presentation of some antigens,[25](#jah31398-bib-0025){ref-type="ref"} we next investigated whether the decreased LV T‐cell infiltration observed in ICAM1^−/−^ mice was a result of endothelial ICAM1 mediating T‐cell recruitment or deficient T‐cell activation in the immune synapse of ICAM1^−/−^ mice in response to TAC. We initially determined T‐cell activation in the mediastinal lymph nodes, the heart‐draining lymph nodes in which T cells are activated in response to TAC,[9](#jah31398-bib-0009){ref-type="ref"}, [24](#jah31398-bib-0024){ref-type="ref"} by evaluating the levels of CD62L^low^CD44^high^--activated lymphocytes (Figure [3](#jah31398-fig-0003){ref-type="fig"}A). Both WT and ICAM1^−/−^ mice had similar frequencies of CD62L^low^CD44^high^--activated lymphocytes in the mediastinal lymph nodes in response to TAC at 4 weeks (Figure [3](#jah31398-fig-0003){ref-type="fig"}B). The percentage of circulating CD4^+^ T cells in blood was also similar between WT and ICAM1^−/−^ mice in response to TAC (Figure [3](#jah31398-fig-0003){ref-type="fig"}C). Taken together, our data indicate that ICAM1 does not regulate T‐cell activation in the heart‐draining lymph nodes in response to TAC. This finding, together with the similar numbers of circulating T cells observed in WT and ICAM1^−/−^ mice, suggests that the decreased T‐cell infiltration observed in the ICAM1^−/−^ LV in response to TAC is likely related to reduced recruitment mediated by endothelial ICAM1, not to impaired T‐cell activation in the absence of ICAM1.

![Lymphocyte activation in the heart‐draining mediastinal lymph nodes and circulating CD4^+^ T cells in WT and ICAM1^−/−^ mice in response to TAC. A, Diagram indicating T‐cell subpopulations using T‐cell activation markers. B, Representative FACS plots showing naïve, memory, and activated T lymphocytes in the mediastinal lymph node lymphocyte gate at 4 weeks after TAC or sham surgery. Quantification of activated T lymphocytes (CD44^high^ CD62L^low^) is shown in the right bar graph with values normalized to sham control. C, Representative FACS plots showing blood‐circulating CD4^+^ T lymphocytes at 4 weeks after TAC or sham surgery. CD4^+^ cells are represented as percentages in the bar graph at right. n=5 sham, n=8 TAC. Statistical analysis used the unpaired *t* test. \**P*\<0.05; \*\**P*\<0.01. FACS indicates fluorescence‐activated cell sorting; ICAM1, intercellular cell adhesion molecule 1; TAC, transverse aortic constriction; WT, wild type.](JAH3-5-e003126-g003){#jah31398-fig-0003}

Reduced LV Cardiac Myocyte Hypertrophy in ICAM1^−/−^ Mice Compared With WT Mice in Response to TAC {#jah31398-sec-0021}
--------------------------------------------------------------------------------------------------

We next evaluated cardiac hypertrophy after 4 weeks of pressure overload as a hallmark of pathological cardiac remodeling in response to TAC. LV mass increased to the same extent in WT and ICAM1^−/−^ mice in response to TAC (Figure [4](#jah31398-fig-0004){ref-type="fig"}A). We further found that the length and width of cardiac myocytes isolated from both WT and ICAM1^−/−^ mice at 4 weeks after undergoing TAC was increased compared with sham‐operated mice, but these values were significantly higher in WT mice compared with ICAM1^−/−^ mice after TAC (Figure [4](#jah31398-fig-0004){ref-type="fig"}B). Interestingly, WT TAC LVs exhibited a pattern of increased mRNA levels of the atrial and brain natriuretic peptides (markers of pathological hypertrophy), but TAC LVs of ICAM1^−/−^ mice did not show such increases (Figure [4](#jah31398-fig-0004){ref-type="fig"}C and [4](#jah31398-fig-0004){ref-type="fig"}D). Moreover, other hallmarks of pathological remodeling such as increased myosin heavy chain β and α isoform expression,[26](#jah31398-bib-0026){ref-type="ref"} although increased in WT TAC hearts, did not increase in ICAM1^−/−^ mice (Figure [4](#jah31398-fig-0004){ref-type="fig"}E). Taken together, ICAM1^−/−^ mice developed significantly less cardiomyocyte hypertrophy and exhibited decreased fetal gene reexpression and pathological hypertrophy in response to TAC.

![LV weight, CM dimensions, and expression of natriuretic peptides and MHC isoforms in response to TAC in ICAM1^−/−^ mice. A, LV weight of WT and ICAM1^−/−^ (n=6--9 sham, n=10--14 TAC) at 4 weeks after TAC, normalized to the tibia length. B, Dimensions of CMs isolated from WT and ICAM1^−/−^ mice at 4 weeks after TAC or sham surgery. n=100 to 200 cells per group, from 2 independent CM isolations. Representative pictures are shown (magnification ×20). Scale bar=50 μm. Statistical analysis used the unpaired *t* test. C through E, Quantitative reverse transcription polymerase chain reaction of the hypertrophy markers (C) BNP and (D) ANP and the (E) ratio of MHCβ and MHCα. mRNA expression normalized to sham in the LV in response to TAC (n=7) or sham (n=5) surgery at 4 weeks. Statistical analysis used the nonparametric Mann--Whitney test. Data are shown as median (interquartile range): for BNP:WT sham 1.190 (0.508--1.876) and WT TAC 18.60 (6.985--91.82), ICAM1^−/−^ sham 0.682 (0.502--2.921) and ICAM1^−/−^ TAC 1.516 (1.168--2.236); for ANP:WT sham 1.268 (0.519--1.709) and WT TAC 14.33 (5.885--23.92), ICAM1^−/−^ sham 1.273 (0.264--4.664) and ICAM1^−/−^ TAC 0.6279 (0.509--1.797); for MHCβ/MHCα: WT sham 0.557 (0.416--2.395) and WT TAC 10.87 (8.446--14.01), ICAM1^−/−^ sham 1.168 (0.600--1.521) and ICAM1^−/−^ TAC 1.454 (1.045--3.935). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005. ANP indicates atrial natriuretic peptide; BNP, brain natriuretic peptide; CM, cardiac myocyte; ICAM1, intercellular cell adhesion molecule 1; LV, left ventricle; ns, not significant; MHC, myosin heavy chain; TAC, transverse aortic constriction; w, weeks; WT, wild type.](JAH3-5-e003126-g004){#jah31398-fig-0004}

ICAM1^−/−^ Mice Do Not Develop Cardiac Fibrosis in Response to TAC {#jah31398-sec-0022}
------------------------------------------------------------------

Cardiac fibrosis, another hallmark of maladaptive cardiac remodeling, likely promotes HF in response to pressure overload induced by TAC. Based on our findings that ICAM1^−/−^ mice had decreased T‐cell infiltration in the LV in response to TAC, and given the role of T cells in cardiac fibrosis in this model,[9](#jah31398-bib-0009){ref-type="ref"} we hypothesized that ICAM1^−/−^ mice would not develop cardiac fibrosis in response to TAC. TAC induced an expected increase in both LV interstitial (Figure [5](#jah31398-fig-0005){ref-type="fig"}A) and perivascular (Figure [5](#jah31398-fig-0005){ref-type="fig"}B) fibrosis in WT mice. In contrast, LV fibrosis was completely absent in ICAM1^−/−^ mice in response to TAC (Figure [5](#jah31398-fig-0005){ref-type="fig"}A and [5](#jah31398-fig-0005){ref-type="fig"}B). Markers of fibrosis such as transforming growth factor β, collagen type I, and α‐smooth muscle actin were also elevated in WT mice in response to TAC but not in ICAM1^−/−^ mice (Figure [6](#jah31398-fig-0006){ref-type="fig"}A through [6](#jah31398-fig-0006){ref-type="fig"}C). To investigate the cellular mechanism by which ICAM1 deletion inhibits LV fibrosis in pressure overload, we next evaluated whether ICAM1 expressed in BM‐derived monocytes or cardiac fibroblasts could contribute to the observed profibrotic response in WT mice by measuring M2 macrophage and myofibroblast phenotypes from the ICAM1^−/−^ mice. Differentiation of BM monocytes from ICAM1^−/−^ mice toward the M2 profibrotic macrophage phenotype expressing arginase 1 or toward the M1 proinflammatory macrophage phenotype expressing inducible nitric oxide synthase was not different from WT monocytes (Figure [6](#jah31398-fig-0006){ref-type="fig"}D and [6](#jah31398-fig-0006){ref-type="fig"}E). Moreover, WT and ICAM1^−/−^ adult cardiac fibroblasts differentiated similarly toward profibrotic myofibroblasts in vitro in response to transforming growth factor β (Figure [6](#jah31398-fig-0006){ref-type="fig"}F). Taken together, these data indicate that ICAM1 expression in BM‐derived monocytes or in cardiac fibroblast does not contribute to their transition toward a profibrotic phenotype in vitro and support the concept that ICAM1 contributes to cardiac fibrosis by mediating LV T‐cell infiltration in response to pressure overload in vivo.

![Absence of fibrosis in ICAM1^−/−^ in response to TAC. A, Representative photomicrographs (×40 magnification) and quantification (bar graph on the right) of myocardial interstitial fibrosis evaluated by picrosirius red staining of left ventricle sections from sham and TAC mice at 4 weeks. B, Representative pictograms (×20 magnification) shown on the left and percentage of perivascular fibrosis on the right. Scale bar=50 μm. n=3 to 5 sham, n=3 to 8 TAC. Statistical analysis used the unpaired *t* test. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005. ICAM1 indicates intercellular cell adhesion molecule 1; TAC, transverse aortic constriction; WT, wild type.](JAH3-5-e003126-g005){#jah31398-fig-0005}

![Absence of fibrosis mRNA marker upregulation in ICAM1^−/−^ in response to TAC despite equal capacity for M2 profibrotic and myofibroblast differentiation in vitro. A through C, Quantitative reverse transcription polymerase chain reaction in the left ventricle for the fibrosis markers (A) TGF‐β, (B) collagen I, and (C) α‐SMA. mRNA expression normalized to sham. n=3 to 4 sham, n=6 to 9 TAC. Statistical analysis used the nonparametric Mann--Whitney test. Data shown as median (interquartile range): for TGF‐β: WT sham 1.594 (0.297--3.180) and WT TAC 7.209 (5.212--80.73), ICAM1^−/−^ sham 0.2096 (0.186--3.964) and ICAM1^−/−^ TAC 0.472 (0.263--1.768); for collagen I: WT sham 0.758 (0.615--2.431) and WT TAC 12.51 (3.596--109.6), ICAM1^−/−^ sham 1.318 (0.321--3.388) and ICAM1^−/−^ TAC 1.048 (0.840--1.610); for α‐SMA:WT sham 0.642 (0.552--2.824) and WT TAC 7.838 (0.441--37.80), ICAM1^−/−^ sham 2.008 (0.240--3.953) and ICAM1^−/−^ TAC 0.601 (0.233--1.704). D and E, WT and ICAM1^−/−^ bone marrow--derived monocytes polarized to M2 and M1 macrophages in the presence of 20 ng/mL IL‐4 or 1 μg/mL LPS, respectively, for 3 days. Polarization was determined by mRNA expression of (D) arginase 1 for M2 and (E) inducible nitric oxide synthase for M1 macrophages. n=3 untreated, n=3 to 4 treated with IL‐4 or LPS. Statistical analysis used the unpaired *t* test. F, WT and ICAM1^−/−^ cardiac fibroblast polarized to myofibroblast in the presence of 100 ng/mL TGF‐β for 16 hours. Polarization determined by mRNA expression of α‐SMA, Magnification ×20 representative pictures of each condition are shown on the left. n=4 to 6 untreated, n=6 to 7 TGF‐β treated. Statistical analysis used the unpaired *t* test.\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005. α‐SMA, α‐smooth muscle actin; ICAM1 indicates intercellular cell adhesion molecule 1; IL, interleukin; TAC, transverse aortic constriction; TGF‐β, transforming growth factor β; Untr., untreated; WT, wild type.](JAH3-5-e003126-g006){#jah31398-fig-0006}

ICAM1^−/−^ Mice Do Not Develop Cardiac Dysfunction and Heart Failure in Response to TAC {#jah31398-sec-0023}
---------------------------------------------------------------------------------------

We next sought to determine the effect of ICAM1 deletion in cardiac function in the TAC model of HF, using invasive hemodynamics and echocardiography analysis. LV end‐diastolic pressure, which is elevated in HF, increased 3‐fold in WT mice in response to TAC. Despite equal increases in LV pressure overload, end‐diastolic pressure was significantly reduced in ICAM1^−/−^ mice compared with WT in response to TAC (Figure [7](#jah31398-fig-0007){ref-type="fig"}A and [7](#jah31398-fig-0007){ref-type="fig"}B). Cardiac systolic and diastolic function determined by the indexes for maximum rate of ventricular pressure increase and decrease obtained from the hemodynamics studies remained completely preserved in ICAM1^−/−^ mice after TAC (Figure [7](#jah31398-fig-0007){ref-type="fig"}C and [7](#jah31398-fig-0007){ref-type="fig"}D). Finally, although ICAM1^−/−^ mice showed a significant reduction in fractional shortening by echocardiography in response to TAC (27.15±4.89 TAC versus 35.32±4.02 sham), this reduction was not as severe as in WT mice after TAC (19.96±2.864 TAC versus 44.37±3.405 sham) (Figure [7](#jah31398-fig-0007){ref-type="fig"}E, [Table](#jah31398-tbl-0001){ref-type="table-wrap"}). These studies demonstrated that ICAM1 contributes to cardiac dysfunction in response to pressure overload induced by TAC.

![Improved cardiac function in response to TAC‐induced heart failure in ICAM1^−/−^ mice. A through C, Invasive hemodynamic measurements in WT and ICAM1^−/−^ mice measured at 4 weeks after TAC and sham surgery (n=3 WT, n=6--12 ICAM1^−/−^), (A) end‐diastolic pressure, (B) maximum pressure (C) contractile function (dP/dt~max~), and (D) relaxation function (dP/dt~min~). E, Fractional shortening at 4 weeks after sham or TAC surgery in WT and ICAM1^−/−^ mice (n=3--6 sham, n=5--10 TAC). Statistical analysis used the unpaired *t* test. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005. FS indicates fractional shortening; ICAM1 indicates intercellular cell adhesion molecule 1; TAC, transverse aortic constriction; WT, wild type.](JAH3-5-e003126-g007){#jah31398-fig-0007}

###### 

WT and ICAM1^−/−^ Mice Cardiac Function Phenotype Characterization 4 Weeks After TAC

            WT            ICAM1^−/−^                                                          
  --------- ------------- ---------------------------------------------------- -------------- ----------------------------------------------------
  EDD, mm   3.375±0.074   3.983±0.575                                          3.802±0.362    4.137±0.279
  ESD, mm   1.880±0.135   3.191±0.552[a](#jah31398-note-0002){ref-type="fn"}   2.464±0.343    3.044±0.389[a](#jah31398-note-0002){ref-type="fn"}
  AWT, mm   0.904±0.081   1.113±0.241                                          0.9319±0.111   0.9688±0.167
  PWT, mm   1.005±0.079   1.011±0.258                                          0.8504±0.071   0.9241±0.115
  HR, bpm   470±75.498    444±53.665                                           445.0±44.16    454.5±53.87

Statistical analysis used the unpaired t test. AWT indicates anterior wall thickness; bpm, beats per minute; EDD, end‐diastolic dimension; ESD, end‐systolic dimension; HR, heart rate; ICAM1 indicates intercellular cell adhesion molecule 1; PWT, posterior wall thickness; TAC, transverse aortic constriction; WT, wild type.

*P*\<0.01.

John Wiley & Sons, Ltd

ICAM1 Upregulation in the Pressure‐Overloaded LV is Independent of EC‐MR Signaling and Associated With Early Upregulation of Cardiac IL‐1β and IL‐6 {#jah31398-sec-0024}
---------------------------------------------------------------------------------------------------------------------------------------------------

We explored potential mechanisms that may be driving the increase in ICAM1 expression in cardiac endothelial cells in response to pressure overload. Mineralocorticoid receptor signaling is known to be activated in HF, and prior studies demonstrate that EC‐MR activation upregulates the expression of ICAM1 in vitro in human coronary endothelial cells[27](#jah31398-bib-0027){ref-type="ref"} and in the heart in vivo in response to constriction of the ascending aorta.[28](#jah31398-bib-0028){ref-type="ref"} Based on these data, we hypothesized that EC‐MR signaling drives LV endothelial ICAM1 upregulation in response to TAC. To test this hypothesis, we subjected EC‐MR^−/−^ mice to TAC.[17](#jah31398-bib-0017){ref-type="ref"} After 4 weeks of pressure overload, EC ICAM1 was upregulated in EC‐MR^−/−^ mice to the same extent as in EC‐MR^+/+^ littermates (Figure [8](#jah31398-fig-0008){ref-type="fig"}A), and this correlated with a similar increase in CD4^+^ T‐cell recruitment independent of the presence of EC‐MR (Figure [8](#jah31398-fig-0008){ref-type="fig"}B). Moreover, the expression of the proinflammatory cytokines IL‐6 and IL‐1β, known to be endothelial activators leading to endothelial adhesion molecule upregulation,[12](#jah31398-bib-0012){ref-type="ref"}, [29](#jah31398-bib-0029){ref-type="ref"} were significantly increased to the same extent in the LVs of both EC‐MR^−/−^ and EC‐MR^+/+^ mice (Figure [8](#jah31398-fig-0008){ref-type="fig"}C). Furthermore, the time course of IL‐1β and IL‐6 upregulation in the LV of WT mice correlated with the upregulation of ICAM1 over the course of TAC (Figure [1](#jah31398-fig-0001){ref-type="fig"}A), being evident as early as 48 hours after TAC and remaining upregulated as adverse cardiac remodeling progressed (Figure [8](#jah31398-fig-0008){ref-type="fig"}D). Altogether, our studies demonstrated that EC‐MR does not play a role in endothelial LV ICAM1 upregulation and suggested a mechanism by which IL‐1β and IL‐6 produced by resident LV cells as early as 48 hours after TAC induce endothelial ICAM1, which drives LV leukocyte infiltration, further cardiac inflammation, and adverse cardiac remodeling in an EC‐MR--independent manner.

![ICAM1 expression, LV T‐cell recruitment, and LV cytokine expression at 4 weeks after TAC are independent of EC‐MR signaling. A and B, Representative immunohistochemistry staining (×20 magnification) for ICAM1 (A) and CD4 (B) in sham, EC‐MR ^+/+^ and EC‐MR ^−/−^ TAC mice at 4 weeks after surgery. On the right, quantification of CD4^+^ T cells per LV section after TAC (B). Scale bar=50 μm. C, mRNA expression of the cytokines IL‐1β and IL‐6 on the LV of EC‐MR ^−/−^ and EC‐MR ^+/+^ littermates in response to TAC at 4 weeks normalized to sham. n=3 sham, n=4 TAC. Statistic analysis used the unpaired *t* test. D, mRNA expression of the cytokines IL‐1β and IL‐6 on the LV of WT mice in response to TAC at 48 hours and at 2 and 4 weeks, normalized to sham. n=4 to 7 sham, n=4 to 9 TAC. Statistic analysis used the nonparametric Mann--Whitney test. Data shown as median (interquartile range): for IL‐1β: at 48 hours, WT sham 1.045 (0.369--4.534) and WT TAC 7.105 (4.022--34.63); at 2 weeks, WT sham 0.898 (0.580--2.110) and WT TAC 3.537 (1.807--10.40); at 4 weeks, WT sham 0.702 (0.592--2.465) and WT TAC 3.960 (1.240--18.51); for IL‐6: at 48 hours, WT sham 1.249 (0.544--1.802) and WT TAC 11.92 (8.317--17.87); at 2 weeks, WT sham 0.952 (0.538--2.777) and WT TAC 19.16 (6.427--31.26); at 4 weeks, WT sham 0.962 (0.365--3.022) and WT TAC 3.808 (2.429--9.796). \**P*\<0.05, \*\**P*\<0.01. EC‐MR indicates endothelial cell--specific mineralocorticoid receptor; h, hours; ICAM1 indicates intercellular cell adhesion molecule 1; IL, interleukin; LV, left ventricle; TAC, transverse aortic constriction; w, weeks; WT, wild type.](JAH3-5-e003126-g008){#jah31398-fig-0008}

Discussion {#jah31398-sec-0025}
==========

This study demonstrates that ICAM1 functions as a critical regulator of pathological cardiac remodeling in pressure overload--induced HF by mediating the recruitment of proinflammatory leukocytes in the LV, leading to cardiac inflammation, cardiac fibrosis, and cardiac dysfunction. We report for the first time that ICAM1^−/−^ mice are protected from cardiac inflammation and fibrosis and do not develop HF in the setting of LV pressure overload. We provide a mechanism by which T cells and proinflammatory monocytes are recruited to the LV via intramyocardial endothelial ICAM1, which is upregulated independent of EC‐MR signaling. Our data suggest that ICAM1 upregulation in the heart may be temporally related to pressure overload induction of cardiac IL‐1β and IL‐6, known activators of ICAM1 expression. Our findings also suggest that ICAM1 expression in antigen‐presenting cells is not necessary for T‐cell activation in the heart‐draining lymph nodes at the onset of HF induced by LV pressure overload. Our data support a model in which LV pressure overload initially results in cardiac cytokine release that induces endothelial ICAM1 expression, in turn promoting later leukocyte recruitment to the LV in the onset of HF. Once infiltrated, LV leukocytes further release cytokines and promote cardiac inflammation, cardiac fibrosis, and cardiac dysfunction resulting in HF. In the absence of ICAM1, leukocyte recruitment, cardiac inflammation, and fibrosis are significantly reduced and result in improved cardiac function. Our data positions ICAM1 as a central player in pressure overload--induced HF.

Multiple studies over the years have identified ICAM1 as a critical regulator of leukocyte arrest and transendothelial migration to allow leukocyte tissue infiltration in cardiovascular disease.[12](#jah31398-bib-0012){ref-type="ref"}, [30](#jah31398-bib-0030){ref-type="ref"}, [31](#jah31398-bib-0031){ref-type="ref"} In the human heart, endothelial ICAM1 is upregulated after myocardial infarction, correlating with high infiltration of inflammatory leukocytes.[14](#jah31398-bib-0014){ref-type="ref"} We and others have shown that endothelial ICAM1 is upregulated at the onset of pressure overload induced by either TAC or suprarenal abdominal aortic constriction in rodents, concomitantly with cardiac inflammation and T‐cell infiltration of the LV.[9](#jah31398-bib-0009){ref-type="ref"}, [15](#jah31398-bib-0015){ref-type="ref"}, [32](#jah31398-bib-0032){ref-type="ref"} These data led us to hypothesize that ICAM1 mediates T‐cell recruitment to the LV during pathological cardiac remodeling in HF. Our data confirm that expression of endothelial ICAM1 at 2 and 4 weeks after TAC correlates with T‐cell infiltration of the LV and with a highly proinflammatory cytokine environment that can result in intramyocardial endothelial cell activation. Moreover, we demonstrated LV endothelial ICAM1 as early as 48 hours after TAC, preceding LV leukocyte infiltration.[9](#jah31398-bib-0009){ref-type="ref"}

Our studies using ICAM1^−/−^ mice and quantitative flow cytometry demonstrate for the first time that Ly‐6C^high^ monocytes, known to play a role in cardiac remodeling after myocardial infarction,[33](#jah31398-bib-0033){ref-type="ref"}, [34](#jah31398-bib-0034){ref-type="ref"} are also recruited to the LV together with T cells in response to TAC at 4 weeks. Our results are in line with a recent report that suggests Ly6C^high^ monocytes play a role in maladaptive cardiac remodeling at 3 weeks after TAC, whereas Ly6C^low^ monocytes participate in early adaptive cardiac remodeling to TAC.[35](#jah31398-bib-0035){ref-type="ref"} We also demonstrated that this process is ICAM1 dependent, positioning ICAM1 as a major contributor to cardiac inflammation, which likely contributes to the pathogenesis of HF in this model of pressure overload--induced HF.

Although ICAM1 was originally cloned from endothelial cells, it is now known to be expressed on essentially all leukocyte subsets in addition to vascular endothelial cells.[36](#jah31398-bib-0036){ref-type="ref"} These leukocytes include several antigen‐presenting cells in which ICAM1 functions as an accessory molecule in the immune synapse in response to some specific antigens.[36](#jah31398-bib-0036){ref-type="ref"} Consequently, ICAM1 expressed in nonendothelial cells also likely contributes to the phenotype of the ICAM1^−/−^ mice. Nevertheless, our findings suggest that ICAM1 expressed by antigen‐presenting cells does not play a role in T‐cell activation in response to TAC because T cells were activated similarly in the heart‐draining lymph nodes of WT and ICAM1^−/−^ mice in response to TAC. Although the antigens activating the T‐cell immune response in TAC remain unknown,[9](#jah31398-bib-0009){ref-type="ref"}, [24](#jah31398-bib-0024){ref-type="ref"} we interpret our findings as suggesting that the antigens involved in this response do not require ICAM1 in the immune synapse for optimal presentation to achieve T‐cell activation. In addition, the similar frequencies of activated T cells and blood‐circulating CD4^+^ T cells in sham‐operated WT and ICAM1^−/−^ mice are in line with the initial description of ICAM1^−/−^ mice, indicating no differences in circulating T cells compared with WT mice.[16](#jah31398-bib-0016){ref-type="ref"} Moreover, the frequency of circulating T cells was also similar between WT and ICAM1^−/−^ mice in response to TAC, suggesting that the reduced LV T‐cell infiltration observed in ICAM1^−/−^ mice is not due to a defect in T‐cell activation promoted by antigen‐presenting cell--expressed ICAM1 but rather to a defect in LV T‐cell infiltration mediated by endothelial ICAM1.

We interpret our findings indicating that ICAM1^−/−^ mice develop LV hypertrophy but not fibrosis and systolic and diastolic dysfunction as supporting the intriguing possibility that ICAM1 normally promotes a pathological hypertrophic program, whereas deletion of ICAM1 is sufficient to retain a compensatory hypertrophy phenotype during pressure overload. The lack of transition to the fetal or pathological gene expression pattern, including atrial and brain natriuretic peptides and myosin heavy chain β observed in ICAM1^−/−^ mice after TAC,[37](#jah31398-bib-0037){ref-type="ref"}, [38](#jah31398-bib-0038){ref-type="ref"} also supports this model. Notably, cardiac myocytes isolated from mice lacking ICAM1 in response to TAC are smaller in length and width than WT cardiac myocytes, suggesting a previously unappreciated role for ICAM1 in cardiac hypertrophy that could directly imply LV‐infiltrated T cells. We and others have shown previously that T‐cell--deficient mice do not develop cardiac hypertrophy in response to TAC[9](#jah31398-bib-0009){ref-type="ref"}, [24](#jah31398-bib-0024){ref-type="ref"}; however, we also demonstrated that pharmacological depletion of T cells did not prevent cardiac hypertrophy in response to TAC, despite preventing cardiac dysfunction,[9](#jah31398-bib-0009){ref-type="ref"} similar to our results in ICAM1^−/−^ mice and to a previous report that neutralized ICAM1 pharmacologically in rats during pressure overload.[15](#jah31398-bib-0015){ref-type="ref"} We speculate that in pharmacologically T‐cell--depleted mice, in ICAM1^−/−^ mice, and in ICAM1‐inhibited rats, the remaining T cells that infiltrate the LV can still contribute to hypertrophy by secreting prohypertrophic mediators such as angiotensin II.[39](#jah31398-bib-0039){ref-type="ref"} Interestingly, in all of these settings in mice, we observed blunted LV fibrosis in response to TAC. Our in vitro data demonstrated that ICAM1 expressed in monocytes and fibroblasts is not required for their transition to profibrotic macrophages or myofibroblasts in vitro. These data suggest that the lack of fibrosis in ICAM1^−/−^ mice in vivo is related to a lack of endothelial ICAM1 that prevents T‐cell infiltration, which is necessary for fibrosis. We cannot rule out a role for nonendothelial ICAM1 in vivo, and this possibility will require further investigation in tissue‐specific ICAM1‐deficient mice. Alternatively, soluble ICAM1 resulting from matrix metalloprotease and elastase cleavage of membrane‐bound ICAM1[36](#jah31398-bib-0036){ref-type="ref"} could also contribute to cardiac inflammation by acting on β2‐integrins in infiltrated leukocytes and inducing their proinflammatory activation, as described in a model of lung injury.[40](#jah31398-bib-0040){ref-type="ref"} Soluble ICAM1 has also been shown to engage unknown receptors in the central nervous system and to trigger Src activation,[41](#jah31398-bib-0041){ref-type="ref"} and Src, p38 MAPK, and ERK1/2 are involved in cardiac hypertrophy and fibrosis.[42](#jah31398-bib-0042){ref-type="ref"}, [43](#jah31398-bib-0043){ref-type="ref"}, [44](#jah31398-bib-0044){ref-type="ref"} It could be possible that soluble ICAM1 functions through similar mechanisms in cardiac macrophages (by engaging β2‐integrins) and in cardiac resident cells (by engaging an unknown receptor) at the onset of pressure overload and hemodynamic stress and contributes to signaling cascades that result in adverse cardiac remodeling, in addition to membrane‐bound ICAM1 engagement by infiltrated LV leukocytes. These actions of soluble ICAM1 merit further investigation because soluble ICAM1 is significantly increased in plasma of patients with HF.[2](#jah31398-bib-0002){ref-type="ref"}

Our echocardiography results demonstrate that despite ICAM1^−/−^ mice having a slight increase in end‐diastolic diameter in response to TAC, and thus a decrease in fractional shortening compared with sham, these values are within the healthy‐heart range and are significantly different from those of WT mice. Our results are in line with a recent study in which treatment of WT mice with an ICAM1 function‐blocking antibody resulted in increased fractional shortening compared with mice treated with control antibody in response to TAC at 2 weeks.[32](#jah31398-bib-0032){ref-type="ref"} Moreover, our detailed hemodynamics analyses demonstrated that both systolic and diastolic function was preserved in ICAM1^−/−^ mice at the onset of TAC. A mechanism for preserved cardiac function in ICAM1^−/−^ mice is explained by the lack of fibrosis, possibly mediated by decreased LV leukocyte infiltration. In addition, ICAM1 has been found to be expressed in human, dog, and rat cardiac myocytes[14](#jah31398-bib-0014){ref-type="ref"}, [30](#jah31398-bib-0030){ref-type="ref"}, [45](#jah31398-bib-0045){ref-type="ref"} and shown to adhere to neutrophils via Mac1 in in vitro experiments resulting in impaired cardiac myocyte contractility and cardiac myocyte oxidative injury.[46](#jah31398-bib-0046){ref-type="ref"}, [47](#jah31398-bib-0047){ref-type="ref"} Given the striking preservation of contractility and relaxation in ICAM1^−/−^ mice in response to TAC, we suggest the intriguing possibility that cardiac myocyte ICAM1 may adhere to LV‐infiltrated leukocytes and trigger signals that result in impaired cardiac myocyte function. This hypothesized mechanism requires further investigation.

Elucidation of the mechanisms that drive the upregulation of endothelial ICAM1 represent an important avenue in understanding of the contribution of ICAM1 and proinflammatory leukocyte recruitment to cardiac dysfunction and failure. The mineralocorticoid receptor is activated by the hormone aldosterone, which is elevated in serum in humans with HF and in animal models of HF induced by aortic constriction.[48](#jah31398-bib-0048){ref-type="ref"}, [49](#jah31398-bib-0049){ref-type="ref"}, [50](#jah31398-bib-0050){ref-type="ref"} Aldosterone induces ICAM1 expression in human coronary artery endothelial cells in vitro through its actions via mineralocorticoid receptor signaling.[27](#jah31398-bib-0027){ref-type="ref"} Our results demonstrating that ICAM1, IL‐1β, and IL‐6 levels in the LV and LV T‐cell infiltration are similarly induced in EC‐MR^−/−^ and EC‐MR^+/+^ mice in response to TAC suggest that ICAM1 is upregulated independently of EC‐MR signaling. Consequently, our data suggest that ICAM1 may instead be upregulated in response to the cytokines IL‐1β and IL‐6, which have been shown previously to be expressed by cardiac‐resident cells under stress[51](#jah31398-bib-0051){ref-type="ref"}, [52](#jah31398-bib-0052){ref-type="ref"} and are known to mediate endothelial cell activation.[29](#jah31398-bib-0029){ref-type="ref"} Moreover, our results suggest that the beneficial effect of aldosterone antagonists in HF patients may occur independently of EC‐MRs that involve ICAM1‐mediated LV leukocyte infiltration and may be due to mineralocorticoid receptor inhibition in other cells including macrophages and cardiomyocytes, as demonstrated previously in mouse models of hypertension‐mediated cardiomyophathy using tissue‐specific deletion of mineralocorticoid receptor.[53](#jah31398-bib-0053){ref-type="ref"}, [54](#jah31398-bib-0054){ref-type="ref"}

Collectively, our findings demonstrate for the first time that ICAM1 is necessary for pressure overload--induced cardiac inflammation, fibrosis, and resulting cardiac dysfunction and HF. Our data provide an ICAM1‐dependent mechanism through which effector T cells are recruited into the LV in response to pressure overload, perhaps due to cardiac expression of cytokines that activate endothelial ICAM1 expression. Future studies using tissue‐specific ICAM1‐deficient mice will explore whether ICAM1 expressed in other cell compartments in the heart in addition to the endothelium may contribute to maladaptive cardiac remodeling in HF. Our data provide a mechanism through which effector T cells are recruited into the LV in response to pressure overload. This understanding supports the potential to target ICAM1‐mediated T‐cell recruitment into the LV to improve the function of the failing heart.
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